The 1215-1400 MHz band is important for spectroscopy of H i at high redshift, pulsar work, and SETI. Observations at these frequencies are complicated by pulsed interference from ground-based aviation radars. In this paper, we characterize one such radar received at the Arecibo Observatory using coherently sampled data sets obtained during a recent observation. Using these data, we demonstrate some simple methods for detection and removal of the radar pulses. One of these uses a coherent subtraction technique that has not previously been applied to the radar problem. This new technique provides an alternative to blanking, which is undesirable in pulsar and SETI work. We demonstrate that the radar studied in this paper can be suppressed by at least 16 dB in integrated spectra using the coherent subtraction technique. The maximum single-pulse power observed at the output of the canceler is $15 dB less. The primary limitation appears to be the detector performance; as a result, the performance using blanking is about the same. Also, we demonstrate that the matched detector for pulses from this radar is relatively insensitive to astronomical transients (e.g., giant pulses), and we quantify the risk of such transients being falsely identified as radar pulses. The techniques described in this paper can easily be adapted to radar waveforms other than the one examined here.
INTRODUCTION
The 1215-1400 MHz band is important for spectroscopy of H i at high redshift, pulsar work, and SETI. Observations at these frequencies are complicated by interference from the legitimate transmissions of ground-based aviation radars (GBARs). These radars typically transmit pulsed fixed-frequency or chirped sinusoidal waveforms with pulse lengths of 2-400 ls, 1-27 ms between transmitted pulses, and bandwidths on the order of 1 MHz (Ellingson 2002c) . 1 Transmit powers range from 10 3 to 10 6 W into a highly directional antenna which rotates in azimuth with period on the order of 10 s. Pulses are easily detected through the sidelobes of radio telescopes at least 10 2 km away, and further when the radar beam is directly pointed at the receiving site or a reflecting object, such as an aircraft. The carrier frequency separation between radars detected at any given site can be 10 MHz or less, making observations in larger bandwidths (desirable for pulsar work, for example) a challenge. The spectrum between carrier frequencies is also corrupted to some degree because of the extended sidelobes associated with the pulse edges, which distort noise baselines and overwrite spectral features. Pulsar surveys are affected because GBAR pulses tend to saturate dedispersion/periodicity searches (especially at low dispersion measures [DMs] ), masking pulsar candidates.
Some unique properties of GBARs relative to other forms of interference make them especially difficult to mitigate. Although the transmission duty cycle is relatively low (typically less than 0.1%), data editing is complicated by the persistent nature of the transmission coupled with the short period between pulses. To be practical, the data editing should be automated. Unfortunately, most present-day instrumental configurations are not suitable for postobservation editing of GBAR pulses; for example, most spectrometers and pulsar machines output partially reduced data at intervals that are often many times longer than a radar pulse. Although faster recording is possible (e.g., coherent sampling of bandwidths greater than 10 MHz or so, with recording directly to tapes or hard drives), this yields quantities of data that may be too large to manage. In this situation, automated, real-time mitigation of GBARs concurrent with the observation may be desirable.
A number of real-time techniques have been proposed and developed to various degrees. Friedman (1996) , Weber et al. (1997) , and Leshem, van der Veen, & Boonstra (2000) each describe various methods for detecting impulsive interference (not specifically GBAR pulses) and blanking the output accordingly. The National Astronomy and Ionosphere Center (NAIC) developed a device for real-time mitigation of a strong local radar (the same one examined in this paper, in fact) at the Arecibo Observatory (Puerto Rico). 2 This device works by tracking the known pattern of the timing between pulses for this particular radar, and then blanking the output of the receiver in a time window around the expected pulse arrival times. Reflections from terrain features and aircraft generate additional copies of the pulse which arrive after the '' direct path '' pulse (as is demonstrated in the Appendix); thus, the blanking window must be many times longer than the pulse length to be effective. For this reason, the NAIC blanker is typically configured to blank a window 400 ls long ($67 times longer than the pulse itself). This device is occasionally employed in spectroscopy at Arecibo (P. Perillat 2002, private communication) .
For future back ends and new radio telescopes, there is much interest in devices of a similar nature, but with some improvements. First, in order to mitigate weak radars, it is desirable to optimize detection performance. This infers matched filtering, which requires detailed knowledge of the pulse waveform. Second, it is desired to have the ability to detect pulses singly, as opposed to relying on detections of pulse patterns, which may be initially unknown or subject to change. Third, it would be useful to be able to have the option to coherently subtract radar pulses from the telescope output, as opposed to simply blanking the output. This feature would be useful for pulsar work, since blanking may introduce undesirable artifacts in dedispersion and periodicity measurements; and for SETI, where blanking complicates signal detection processes that are already tedious and complex.
A special case of problems in pulsar astronomy and SETI is the detection of intermittent or transient events-e.g., giant pulses from pulsars (Staelin & Reifenstein 1968 3 ; Cognard et al. 1996) . No matter how well designed the radar pulse detector is, it is possible that astronomical transients could be mistaken for radar pulses. Thus, another consideration in the development of new GBAR mitigation techniques is the sensitivity of the proposed detectors to various astronomical transients. The goal is obviously to develop detectors with the best possible sensitivity to GBAR pulses subject to the constraint that the likelihood of false alarms associated with interesting astronomical transients is acceptable.
In this paper, we characterize a commonly seen GBAR waveform and its associated propagation characteristics. Based on this information, we develop a simple technique for detection of single radar pulses and characterize its performance. We then test this detector with two different pulse removal techniques: pulse blanking, and a coherent subtraction (canceling) technique that exploits a priori knowledge of the pulse waveform. The canceling strategy has not previously been applied to GBAR mitigation and it is attractive because it preserves integration time and avoids the problem of introducing blanking artifacts in time-domain processing. This paper is organized as follows. In x 2, we describe the collection and analysis of data pertaining to the GBAR of interest in this paper, including the development of a suitable single-pulse detection technique. Section 3 discusses various methods for removing detected pulses, including blanking and canceling. Section 4 summarizes the performance of these methods when applied to the data set presented in x 2. Section 5 discusses the problem of falsely detecting interesting astronomical transients as radar pulses. Section 6 discusses some ideas for improving performance and the applicability of this work to other GBARs. Finally, a brief analysis of the GBAR multipath propagation characteristics encountered at Arecibo-which has implications in the design of mitigation techniques-is presented as an Appendix.
CHARACTERIZATION OF THE 1350 MHz GBAR
AT ARECIBO Very little technical information on GBARs is publicly available. However, much has been learned from a number of monitoring programs and experiments over recent years. Prominent among these is the interference monitoring program at the Arecibo Observatory, which has gone to great lengths to identify and characterize local radar transmitters and coordinate with them when possible. 4 In this paper, we focus on the notorious 1350 MHz GBAR received at Arecibo. This radar is located at Pico del Este, PR (near San Juan), about 85 km to the east over rugged terrain. Previous observations have determined that this radar uses fixed-frequency CW modulation, a pulse length $6 ls, and interpulse spacings following a repeating pattern of discrete values between 2.6 and 3.3 ms (P. Perillat 2002, private communication; Ellingson 2002c) . In this section, we report on a new observation of this radar with the aim of better understanding the waveform, which is important in the design of mitigation techniques.
Data Collection
The data were collected on 2002 November 3 at Arecibo using the '' L-Wide '' receiver with a custom back end developed at the Ohio State University (Ellingson, Johnson, & Hampson 2002) . 5 The back end shifts the desired center frequency to 150 MHz and samples at 200 MSPS using 10 bits. Because the analog IF is in the second Nyquist zone of the A/D, the digital passband is centered at 50 MHz and is spectrally reversed. The A/D is followed by digital hardware that downconverts the desired center frequency to 0 Hz (so now the samples are complex-valued), filters to 50 MHz bandwidth, reduces the sample rate by a factor of 2, and then upconverts to a center frequency of +25 MHz (the last step was a legacy function that was easier to leave in place than to modify for this experiment). The data emerges from this process in 16-bit '' I '' + 16-bit '' Q '' format at 100 MSPS. The data are collected in a first-in first-out (FIFO) buffer of length 256K samples. When the buffer fills (in 2.6 ms), the acquisition is halted while the samples are transferred to a PC, which requires about 1 s. When the transfer is complete, the buffer is triggered and another 256K samples are collected. This process repeats continuously.
The data set examined in this report consists of a set of 400 data blocks collected at a center frequency of 1350 MHz, representing about 1 s of observation collected over about 13 minutes in real time. 6 This particular radar is known to drive the L-Wide receiver into compression when the radar is pointed directly at Arecibo. However, this condition exists only for a few milliseconds, once per $10 s revolution. Presumably for this reason, five data blocks were found to contain clipping (and probably also front-end compression, although this is difficult to verify) and were discarded. It is important to note that only blanking is reasonable when the data contains clipping or compression. Coherent subtraction-as proposed later in this paper-is not effective for the $1% of the time that the radar is pointed directly at Arecibo.
The remaining blocks were processed as follows: The center frequency was shifted to zero and a band-limiting filter was applied by convolution in the time domain. The filter was a 119 coefficient Kaiser window with a shape parameter of 0.4, designed to have a bandpass that is flat to within a few tenths of a dB inside AE2.5 MHz and that cuts off (>50 dB attenuation) beyond AE5 MHz. The resulting noise bandwidth for the purposes of this study was about 5 MHz, and there appear to be no other signals present in the passband.
After each sample block is filtered as described above, the pulse modulation can be explored. Figures 1 and 2 show an example of a single strong pulse with relatively little multipath. The pulse width is 5.8 ls between half-power (À3 dB) points and 6.5 ls between À20 dB points. The nearly constant magnitude and phase over the pulse period confirm that this radar is of the '' pulsed CW '' variety. The small variations in the magnitude and phase during the pulse period could be due to either transmitter-induced artifacts or scattering within $300 m of the transmitter or receiver.
Pulse Detection
To proceed further, a scheme for detecting individual radar pulses is required. In the absence of multipath and assuming additive spectrally white Gaussian noise, the optimum detector of a single pulse is a filter matched to the transmitted pulse waveform, followed by a threshold test (Kay 1998 ). The threshold is set to the smallest value that yields a false-alarm rate (FAR) that is acceptable to the user. Let us initially assume the following: (1) a simple model of the pulse as 6 ls of a sinusoid is a reasonable approximation to the transmitted pulse; (2) time-variable multipath contributions do not significantly degrade the pulse before it is received; and (3) pulses do not overlap. Upon inspection, we found that many of the pulses in the data set are spectacularly distorted by multipath; i.e., assumptions (2) and (3) are often violated. Nevertheless, assumptions (1)-(3) do seem to yield a useful detector, as will be shown below.
The proposed detection algorithm is as follows: 1. Compute the matched filter output yðtÞ ¼ k q Ã ðtÞ Ã xðtÞ k, where qðtÞ is the waveform of the model pulse described above, the asterisk (*) denotes convolution, and the superscript asterisk denotes conjugation.
2. Compute the '' local '' (to be quantified shortly) mean and standard deviation of yðtÞ in the absence of radar pulses. Let these quantities be mðtÞ and ðtÞ, respectively.
3. A detection is declared when yðtÞ À mðtÞ ! ðtÞ, where is the user-selected threshold that sets the FAR. In step 2, we propose calculating mðtÞ and ðtÞ from the samples of yðtÞ within a 2.6 ms (equal to the length of a block in the data set) window, after removing the largest 10% of the samples. This works because the transmit duty cycle of most GBARs is usually much less than 1%; therefore, pulse signatures are effectively eliminated from yðtÞ using this procedure. It should be noted, however, that this method may also discard outliers in the noise distribution, which will tend to artificially reduce the measured value of ðtÞ and thereby increase the FAR. In particular, if this method is used and the largest pulse signal-to-noise ratios (SNRs) in the window approach zero (or if radar pulses are not present), then must be increased to maintain an acceptable FAR. In the present data set, we see large-SNR pulses in nearly every block; thus, we shall assume the use of the adaptive method from this point forward.
It should also be pointed out that adaptive estimation of mðtÞ and ðtÞ is not strictly necessary. For example, if the system temperature does not vary significantly with time, then this measurement could be done just once. Even if the system temperature does vary significantly, one can simply set sufficiently high to ensure that the maximum acceptable FAR is never exceeded. However, this latter approach will certainly degrade detection sensitivity.
It is not strictly necessary to perform the detection in the time domain, as implied above. An alternative is to operate on the Fourier-transformed input, in which case the matched filter can be implemented as a multiplication of spectra, as opposed to a convolution of time series. This approach is theoretically equivalent and might have advantages in certain implementations.
The detector defined by steps 1-3 above only detects the onset of the pulse; it does not precisely indicate its position in time. With no other information, the timing of strong pulses will tend to be biased earlier in time with respect to that of weaker pulses. This may be a problem for certain pulse removal techniques, such as pulse canceling. To overcome this problem, it is recommended to calculate the pulse position using the zero-crossing of the first derivative dyðtÞ=dt of the matched filter output. In practice, a sufficient approximation of dyðtÞ=dt can be obtained from the slope of yðtÞ calculated between discrete samples separated by about one-fourth of the pulse length. Finally, it should be noted that alternative, suboptimal but potentially useful detection algorithms exist. Perhaps the simplest is to assume the pulse has the form of an impulse function (equal to 1 at t ¼ 0, equal to 0 otherwise). This is equivalent to having no matched filter; thus, all signals in the passband are detected with equal, albeit poor, sensitivity. Nevertheless, blankers using this detection strategy have been shown to be surprisingly effective . 7
A Refined Model Pulse
To develop the best possible detector, the original transmitted pulse shape-free of the time-variable distortions associated with multipath-is desired. A reasonable approximation is obtained from the mean over many strong (i.e., high SNR) pulses, under the assumption that the contributions of the time-variable multipaths average to zero. To calculate this, we first identified all of the pulses in the data set which were 10 or better (i.e., very high SNR) at the output of the qðtÞ-matched detector described above. The detected pulses were then coherently averaged using the following procedure: (1) the pulses were aligned in time; (2) the mean magnitude and phase (a single complex constant) over the duration of each pulse was determined; (3) each pulse was divided by the value from (2); and then finally (4) the mean waveform was obtained from the mean across the pulses from (3) for each time sample. The result is shown in Figures  3, 4 , and 5. Henceforth, we shall refer to this waveform as pðtÞ.
Pulse Magnitude Distribution and Threshold Selection
Using the same detector except with pðtÞ in lieu of qðtÞ, we recorded the magnitude of all pulses detected at 3 or better. The result, shown in Figure 6 , suggests a choice of $ 10 for unambiguous detection (negligible FAR), or $ 5 for aggressive detection (high sensitivity, albeit at an elevated FAR). Figure 7 shows the detection sensitivity for ¼ 5 and ¼ 10. Note that the detector is able to detect pulses that are much weaker than the noise due to the '' processing gain '' associated with the matched filter.
PULSE REMOVAL TECHNIQUES
In this paper, we focus on methods of mitigating GBAR pulses that follow the two-step process of (1) detection, followed by (2) removal. For the remainder of this paper, we assume the use of the pðtÞ-matched detector described in the previous section. Now, we consider two classes of techniques for pulse removal: blanking and canceling.
7 See also http://esl.eng.ohio-state.edu/$swe/docs/ap021109a.pdf. There are at least two different strategies for blanking detected pulses. We refer to the technique used by NAIC's blanker (described in x 1) as '' delay window blanking.'' 8 As discussed in the Appendix (see Fig. 16 ), blanking a window beginning about 10 ls before the largest pulse copy and extending out to 300 ls (perhaps more) eliminates all multipath components as long as at the strongest single component is detected. Thus, delay window blanking is useful when it is important to eliminate as much interference as possible, and long gaps in the data can be tolerated. Such an application is H i spectroscopy. The disadvantage of delay window blanking for spectroscopy is the loss of integration time: For the radar studied in this paper, a blanking window 400 ls long will result in an increase of about $14% in observing time to achieve the same sensitivity.
An alternative is pulse blanking; i.e., blanking only for a period equal to the length of the pulse, and only when a pulse is detected. With pulse blanking, one runs the risk of failing to blank pulses that are too weak to detect but are collectively strong enough to degrade the quality of the observation. The advantage is that the loss of integration time is much less.
Canceling
In this paper, we propose pulse canceling, a technique for removing pulses using coherent subtraction, exploiting our knowledge of the pulse waveform as embodied by pðtÞ. Similar concepts have been proposed by Miller, Potter, & McCorkle (1997) for the mitigation of strong narrowband communications signals in ultra-wideband radar applications, and also by Ellingson, Bunton, & Bell (2001) to suppress interference from GLONASS satellites in L-Band OH spectroscopy. To apply this strategy to GBAR pulse mitigation, we assume that the propagation channel can be modeled as a complex-valued constant over the period of a single pulse. In other words, it is assumed that multipathgenerated copies of the pulse do not overlap. As mentioned above, we are certain that this assumption is often violated; however, it appears that most of the violations are due to local scattering, resulting in combinations of one strong pulse with many weaker copies. Therefore, this assumption yields a useful model, even if it is not literally true. Since the radar of interest uses a CW modulation, estimating turns out to be a matter of estimating the magnitude and phase of a sinusoid in noise. If we assume that the noise is additive white Gaussian noise, then this becomes one of the canonical problems of estimation theory: , the optimum estimate of , is simply the mean value of the noisy received signal xðtÞ over the period of the pulse, after shifting the center frequency to zero (Kay 1993) . Then, pulse removal is effected by subtracting pðtÞ from xðtÞ for each pulse detected.
It should be noted that it is important use pðtÞ in this technique, as opposed to a simple truncated sinusoid [qðtÞ] . Although there is not much difference in the detection performance, there is a dramatic difference in the canceling performance because pðtÞ has the correct asymmetric sidelobes (as shown in Fig. 5 ), whereas qðtÞ does not.
PERFORMANCE OF GBAR MITIGATION
In this section, we examine the performance of the pðtÞ-matched detector combined with pulse removal, both by pulse blanking and pulse canceling. The results are shown in Figures 8, 9 , 10, and 11. For ¼ 10, pulse canceling achieves greater than 16 dB of suppression in the integrated spectrum. Pulse blanking performs marginally, but not significantly, better. The data set used here is not suitable for the evaluation of delay window blanking, since blanking windows might extend beyond the leading and trailing edges of individual data blocks. However, we anticipate that delay window blanking would have the best overall suppression performance (since it is not limited by the need to detect weak multipath pulses), albeit with the relatively large gaps and reduction in effective observation time noted earlier. '' Pulse SNR '' refers to the instantaneous SNR (when the pulse is fully '' on '') in a 5 MHz noise bandwidth. To obtain constant FAR, these results are generated with mðtÞ and ðtÞ held fixed at their nominal '' noise only '' values (see text) . Note that the ¼ 5 results can be slightly greater than one due to false alarms.
Reducing to 5 results in a slight improvement for both techniques. Since ¼ 5 detects pulses well below the noise level, the limited suppression is probably due to pulses missed due to various model violations; e.g., overlapping pulses. The max hold spectra shown in Figure 12 suggest that the principle weakness of the technique lies with the detector: clearly, some strong pulses are not being detected. However, it is interesting to note that both techniques are equally effective in reducing the power of the maximum single pulse by $15 dB.
Despite the disappointing performance of the detector, it is interesting to find that the suppression performance of pulse canceling is competitive with that of pulse blanking. This raises the question of the actual suppression achieved by pulse canceling on a pulse-by-pulse basis. The performance of sinusoidal waveform cancelers was considered in Ellingson (2002a) and Ellingson (2002b) . It was found that the suppression was upper bounded at SNR Â L, where L is the number of samples used to estimate the waveform parameters assuming noise bandwidth equal to the Nyquist bandwidth. In this case, L is about 1/20 of the actual number of samples used ($6 ls Â 100 MSPS ¼ 600), since the noise bandwidth at the output of the 5 MHz band-limiting filter is 1/20 of the complex-valued sample rate (100 MSPS). This gives L $ 30, so the predetection SNR at which one should theoretically achieve the observed suppression of $16 dB is about 2 dB. Since the suppression degrades linearly with the SNR, we expect pulse canceling to become completely ineffective for SNR À14 dB even if every pulse is detected. However, referring to Figure 7 , note that such pulses are below the sensitivity of the current detector. Thus, for this particular detector and data set, it appears that (1) the mitigation performance is limited by the detector, as opposed to the canceler; and (2) even if the detector was improved, the mitigation performance would then be limited by the canceler, as indicated above.
It is important to note, however, that the above analysis assumes that the likelihood and extent of intrapulse multipath distortions are independent of pulse strength. If, on the other hand, weaker pulses are more likely to be distorted by multipath than stronger pulses, then it is less certain whether it is detection or canceling that is limiting performance. Because weaker pulses have lower SNR, a compelling quantitative comparison of the '' integrity '' of weak versus strong pulses is difficult. However, a casual review of the data does not leave the impression that weak pulses show greater distortion than strong pulses.
SENSITIVITY TO ASTRONOMICAL TRANSIENTS
A potential application of GBAR mitigation techniques is to improve the productivity of searches for astronomical transients, such as giant pulses, at L band. To be useful in pulsar and other transient applications, GBAR mitigation techniques should not mistakenly detect astronomical transients as radar pulses. For pulsar surveys, the impact of doing so depends on the bandwidth of observation. For very wideband (e.g., 100 MHz) pulsar observations, deleting the portion of every pulse appearing within a single 1 MHz channel-whether from a radar or pulsar-is perhaps not a problem. However, for observations using less bandwidth, or in the presence of multiple radars, this problem may result in a significant loss of SNR and perhaps also might introduce undesirable artifacts in the dedispersed data. Thus, it is useful to note under what conditions astronomical pulses might be mistaken for radar pulses using the detector described earlier.
Consider the case of an impulse that is received after being subject to dispersion due to the interstellar medium. The dispersion broadens the impulse into a tone that drifts in frequency such that Dt % ð8:3 Â 10 15 ÞðDMÞðDÞ À3 ð1Þ (Lyne & Graham-Smith 1998) , where Dt is the time required for the frequency of the dispersed pulse to drift across the bandwidth D at center frequency , and DM is in pc cm À3 . Figure 13 shows that for DM > 25, the matched filter output is significantly longer than that associated with a radar pulse. Therefore, detected astronomical pulses can be discriminated from radar pulses simply by observing the length of time over which the matched filter output exceeds the detection threshold. Below 25 pc cm À3 , the resulting matched filter output is about the same length as that expected for a radar pulse, so this method cannot reliably discriminate. This is shown in Figure 14 . However, note that it is possible to determine a conservative lower bound on the strength of a pulse that can be falsely detected as a radar pulse, given the DM. Since the matched filter output for a DM ¼ 15 pulse is nearly identical to that of the radar pulse (and therefore also the worse case), the associated detection '' performance '' is given by Figure 7 . At ¼ 5, for example, the probability of detection becomes significant for an instantaneous SNR of about À15 dB. For Arecibo at L band, this corresponds to about 79 mJy assuming an effective aperture of 10 K Jy À1 and T sys ¼ 25 K. This is can be improved to about 790 mJy using ¼ 10. Also, the situation improves considerably for DM < 15, as shown in Figure 14 , since the matched filter output magnitude decreases with decreasing DM. It should be noted that the worst case DM of $15 corresponds to the case in which the apparent frequency drift covers the $150 kHz main lobe bandwidth of the matched filter in $6 ls, equal to the length of the matched filter. This criterion can presumably used to estimate the worst case DM for other matched filters as well.
In summary, the risk of false detection of naturally occurring pulses as GBAR pulses is significant only for pulses >79 mJy (assuming ¼ 5) at DM < 25 or so, decreases with decreasing DM, and is negligible for DM > 25 assuming the duration of the detection in yðtÞ is monitored.
ENHANCEMENTS AND APPLICATIONS TO OTHER GBARs
Although the simple techniques described above achieved significant (16 dB, in this case) suppression of interference from a GBAR, this may not be adequate for some applications-especially spectroscopy. However, various improvements are possible. Perhaps the greatest improvement would be achieved by developing a detector that can sense overlapping pulses, combined with modifications to the pulse blanking and canceling schemes to suppress overlapping pulses. Another strategy is to use '' multichannel '' detectors: Since most radio telescopes employ multiple polarizations-and increasingly, array feeds-the use of these concurrent observations can be exploited to improve the sensitivity of the detector. The relevant theory is addressed in Leshem, van der Veen, & Boonstra (2000) .
The focus of this paper was on the 1350 MHz GBAR received at Arecibo. Although the waveform used by this radar is very common, it is not the only GBAR waveform received at Arecibo or at other locations. However, most other waveforms observed are very similar, or only slightly more complex. (The reason for this is simply that it is relatively difficult to generate complex waveforms at the high power desired for GBAR applications.) The most common variation to the simple CW pulse waveform is the '' Linear FM '' (LFM) waveform. LFM is identical to pulsed CW, with the exception that the frequency is swept (or '' chirped '') as a linear function of time as the pulse is transmitted. As an example, Figure 15 shows a time-frequency plot of another GBAR commonly observed at Arecibo, the frequency-hopping '' spread spectrum '' radar located at Punta Salinas, PR. To detect this pulse, one can simply '' dechirp '' the signal using the known (fixed) frequency sweep rate-thereby converting it to a pulsed CW waveform-before using a pulse-matched detector of the appropriate length. Pulse canceling is a simple matter of computing the same coefficient , except now for a model of the dechirped LFM pulse. Other GBAR pulse waveforms, despite their apparent complexity, might similarly yield to simple processing techniques. 0138263 via subcontract to Cornell University. The Arecibo Observatory is operated by Cornell University under a Cooperative Agreement with the NSF.
APPENDIX IMPULSE RESPONSE OF THE PROPAGATION CHANNEL
In the development of mitigation techniques, it is useful to know how radar pulses are dispersed as they propagate from the transmitter to the receiver. An appropriate characterization is the impulse response hðtÞ, which can be described in terms of the measured signal xðtÞ, the transmitted pulse pðtÞ (as given in x 2.3), and the measurement noise nðtÞ as follows:
xðtÞ ¼ hðtÞ Ã pðtÞ þ nðtÞ :
The deconvolution of pðtÞ and hðtÞ tends to be ill conditioned; however, it is possible to obtain a useful modified impulse response gðtÞ, derived as follows. In the frequency domain, we have
where the upper case quantities denote the Fourier transforms of the associated lower case quantities. Multiplying both sides by P Ã ðÞ, P Ã ðÞX ðÞ ¼ PðÞ j j j j 2 HðÞ þ P Ã ðÞNðÞ :
Note that if the pulse SNR is large, the first (signal) term on the right-hand side dominates over the second (noise) term. Neglecting the noise term and transforming back into the time domain, we have p Ã ðtÞ Ã xðtÞ $ F À1 f PðÞ j j j j 2 g Ã hðtÞ : 
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Since pðtÞ is approximately a rectangular pulse, F À1 f PðÞ j j j j 2 g is approximately a triangular pulse, and each side of equation (A4) is the same as hðtÞ but '' smeared '' in the time domain due to the convolution with a triangular pulse function. We shall call this modified version of the impulse response gðtÞ. gðtÞ is a more useful estimate of the impulse response than equation (A1) because it improves the SNR of the result and shows sharp, clearly defined peaks.
For each block in the data set described in x 2.1, we calculated gðtÞ. Since the interpulse spacing is between 2.6 and 3.3 ms, there is at most one transmitted pulse per block. All detections of 10 or greater at the output of the pðtÞ-matched detector were identified. For each of these, the peak of gðtÞ was aligned with an arbitrary time reference ¼ 0. The '' excess delay '' refers to the time relative to the arrival of the detected peak, facilitating comparisons between different pulses. Figure 16 shows the results. In addition to intermittent strong discrete multipaths, note that the average curve shows a continuum of multipath that can be observed out to about 100 ls, where it is about À36 dB relative to the main peak and merges into the noise. Note also that individual multipaths are detected as long as 200 ls after the main pulse, and at least one multipath component is detected about 10 ls before the triggering pulse. The latter demonstrates that the alignment of received pulse events is subject to bias due to the possibility of multipath (i.e., delayed) pulses that are stronger than direct path pulses.
